Fe+ chemical ionization of peptides  by Speir, J.Paul et al.
Fe+ Chemical Ionization of Peptides 
J. Paul Speir, Greg S. Gorman, and I. Jonathan Amster 
Department of Chemistry, University of Georgia, Athens, Georgia, USA 
Laser-desorbed peptide neutral molecules were allowed to react with Fe+ in a Fourier 
transform mass spectrometer, using the technique of laser desorption/chemical ionization. 
The Fe+ ions are formed by laser ablation of a steel target, as well as by dissociative 
charge-exchange ionization of ferrocene with Ne+. Prior to reaction with laser-desorbed 
peptide molecules, Fe * ions undergo 20~100 thermalizin 
the population of excited-state metal ion species. The Fe 
g collisions with xenon to reduce 
ions that have not experienced 
thermalizmg collisions undergo charge exchange with peptide molecules. Iron ions that 
undergo thermalizing collisions before they are allowed to react with peptides are found to 
undergo charge exchange and to form adduct species [M + Fe+] and fragment ions that 
result from the loss of small, stable molecules, such as H,O, CO, and CO,, from the metal 
ion-peptide complex. (1 Am Sot Mass Spectrom 1993, 4, 106-110) 
W 
e have recently demonstrated that laser- 
desorbed peptide neutral molecules, con- 
taining up to 10 amino acids, can undergo 
chemical ionization in the analyzer region of a Fourier 
transform mass spectrometer [l]. We are developing 
this technique, laser desorption/chemical ionization 
(LD/CI) 12-51, for use in determining the amino acid 
sequence of peptides by mass spectrometry. The extent 
of fragmentation and the type of ions that are observed 
in a mass spectrum can be varied by changing the 
enthalpy of the reaction used to ionize peptide 
molecules. The enthalpy of ionization, and thus the 
appearance of the mass spectrum, can be controlled by 
the selection of the reagent ion [l]. In principle, any 
reagent species that can be used in conventional chem- 
ical ionization experiments can be used in LD/CI 
studies. To date, proton transfer [l-5] and charge- 
exchange reactions [6] have been used to postionize 
laser-desorbed molecules. 
We report the first observation of a gas-phase reac- 
tion of a peptide molecule with a transition metal ion. 
To ionize efficiently the analyte in a LD/CI experi- 
ment, a metal ion must undergo a rapid reaction with 
laser-desorbeci neutral molecules that are produced in 
a fleeting pulse that passes through the reaction region 
of the Fourier transform mass spectrometer in 1 ps or 
less. Prior experiments involving the reaction of metal 
ions with small molecules reveal a wide range of 
reactivities. The endothermic reaction of Fe* with CH, 
has been found to be very slow (k s 1O-‘2 cm”/ 
molecule/s) [ 71. More relevant to this study, reactions 
of small, functionalized molecules with metal ions are 
often found to occur close to the ion-molecule collision 
Address reprint requests to I. Jonathan Amster, Department of 
Chemistry, University of Georgia, Athens, GA 30602. 
8 1993 American Society for Mass Spectrometry 
1044-0305/93/$6.1X 
rate, as has been observed for a variety of metal ions 
with alkyl chlorides and aliphatic alcohols, with rate 
constants in the range 0.2-l X 10m9 cm3/ molecule/s 
[8]. On the basis of the latter observations, it seems 
reasonable to expect that many metal ions will react 
rapidly with peptide molecules. 
The use of metal ions and metal complex ions for 
the chemical ionization of organic molecules has been 
suggested by others [9-131. Transition metal ions are 
known to undergo unusual and selective reactions 
with small organic molecules [14]. Our interest in 
transition metal ions is for their possible use as reagents 
for controlling the dissociation of peptide molecules so 
as to enhance the sequence information that can be 
obtained by mass spectrometry. The chief aim of this 
study was to determine the type of reactions that a 
transition metal ion (Fe+) would undergo with peptide 
molecules. The Fe* ion has been observed to react 
with carbonyl compounds by cleavage of C-C bonds 
adjacent to the carbonyl group [15]. Such reactivity 
appears to be promising for the dissociation of peptide 
molecules into analytically meaningful fragment ions. 
For this reason, Fe+ was selected first for reactions 
with peptides. The techniques described here are gen- 
eral and can be used to study the reactions of any 
metal ion with peptide molecules. 
Experimental 
The experiments were performed in a Fourier trans- 
form mass spectrometer that was designed and 
constructed in this laboratory specifically for LD/CI 
studies. The magnetic field used in these experiments 
as 1 T, produced by an electromagnet (Walker Scien- 
tific, Worcester, MA) with a 24cm pole cap diameter. 
The analyzer cell of the mass spectrometer (4.4-cm 
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cube) was housed in an ultra-high-vacuum chamber 
pumped to a base pressure of 2 x 10-r’ torr by a 
turbomolecular pump. The transmitter and receiver 
plates of the analyzer cell have 13-cm-diameter holes 
drilled through their centers. These openings are 
aligned with magnesium fluoride windows on the 
vacuum chamber so that the W output of an excimer 
laser (Questek, Model 2110, Billerica, MA) can be di- 
rected through the cell, along the two principal axes 
that are perpendicular to the magnetic field, at targets 
for peptide desorption and metal ion formation. In- 
volatile peptide samples are applied to a l-cm-diameter 
stub, as described below, and introduced into an an- 
techamber that is evacuated with a cryopump before 
being transferred to the main vacuum chamber. A 
homebuilt manipulator delivers the peptide-coated 
stub to an externally controlled jaw mounted on the 
analyzer cell that supports the sample 5 mm outside 
an‘opening in an analyzer cell plate. Volatile samples 
can be admitted into the vacuum chamber through a 
sapphire-sealed leak valve (Varian Associates, Lexing- 
ton, MA) or through one of two pulsed valves (General 
Valve, Series 9, Fairfield, NJ). The timing of valve, 
laser, and ion excitation pulses and the detection and 
processing of the transient signal are handled by a 
commercial data system (IonSpec, Irvine, CA). 
The peptide samples used in this study were 
obtained commercially (Sigma Chemical Co., St. Louis, 
MO) and used without further purification. Peptide 
samples were dissolved in methanol and applied as 
thin films (100 ng/rnn?) to the substrate by the elec- 
trospray technique [16]. The substrate was a Macor 
stub sputter coated with 75 nm of gold/palladium. 
Desorption of peptide neutral molecules was accom- 
plished by focusing a fraction (100 pJ) of the 193~run 
output of the excimer laser (lo-ns pulse) to a spot size 
of approximately 0.3 mm x 0.8 mm. The laser irradi- 
ante (5 x lo6 W/cm2) was controlled by using neutral 
density filters and by adjusting the focus of the laser 
beam to change the spot size. The irradiance of the 
laser was tuned to cause peptide neutral molecules to 
desorb without forming ions directly with the laser, for 
example, by multiphoton ionization. The conditions 
used for laser desorption caused the exclusive forma- 
tion of intact peptide neutral molecules. Prior work 
has established that no neutral fragments are formed 
with the desorption conditions used in this study [4]. 
This was confirmed by examining the LD/CI mass 
spectrum produced with NH: as a reagent ion in 
which only the protonated molecule of the peptide was 
observed. In addition, exothermic protonation of the 
peptides by a series of increasingly acidic reagent ions 
produces fragmentation patterns that are consistent 
with protonation of a molecular species [l, 4, 51. 
Iron ions were formed by two methods. The first 
was laser ablation of a steel target with the same 
excimer laser that was used for peptide desorption. A 
diagram of the instrument arrangement used for this 
experiment is shown in Figure 1. The output of the 
Fe+ CHEMICAL IONIZATION OF PEITIDES 107 
Figure 1. Diagram of the optical arrangement used for metal 
ion LD/CI experiments. The output of the excimer laser is mixed 
with light from an He-Ne laser (not shown) at the first beam 
splitter. The second beam splitter passes a majority of the energy 
of the laser to a metal target for generating metal ions. A frac- 
tion of the laser beam is r&z&d by the second beam splitter and 
is used for laser desorption of peptide neutral molecules. Elec- 
tronically controlled, solenoid-driven shutters are used to pass or 
block the laser beams, so that only one beam reaches its respec- 
tive target per laser shot. 
excimer laser was split with a UV-grade, fused-silica 
plate. The transmitted light (92% of the incident 
energy) was tightly focused (> lo8 W/cm’) onto the 
metal target to form Fe+ ions that were trapped in the 
analyzer cell. The reflected beam (8% of the incident 
energy) was used for peptide desorption. Solenoid- 
driven electronic shutters that have rectangular aper- 
tures that match the dimensions of the excimer beam 
block or pass the two beams, so that successive laser 
shots can be directed alternately at the metal target 
and at the peptide-coated sample stub. This arrange- 
ment allowed a single excimer laser to be used both for 
metal ion formation and for peptide desorption. Metal 
ions formed by laser ablation were allowed to undergo 
20-100 collisions with Xe admitted through a pulsed 
valve in an effort to reduce the presence of excited-state 
species. 
The Fe+ ions could also be formed by dissociative 
charge exchange of ferrocene. For this process, neon 
was admitted through a pulsed valve and ionized by 
7O-eV electron bombardment. Ferrocene was intro- 
duced into the system through a second pulsed valve. 
The charge-exchange reaction between Ne+ and fer- 
rocene is highly exothermic (AH = ~ 14.6 eV) and 
leads to the exclusive formation of Fe+. Because the 
ferrocene is admitted in a short-duration burst, the 
reaction of Fe+ with ferrocene to form the ferrocenium 
ion does not occur to an appreciable extent [17]. 
Results and Discussion 
Initial attempts to allow Fe+ to react with laser- 
desorbed peptides utilized metal ions that were formed 
by laser ablation of a steel target and were not colli- 
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sionally thermalized. The reaction of the dipeptide 
Val-Ala with a metal ion prepared in this fashion did 
not lead to the formation of any metal-containing 
product ions, as shown in the mass spectrum of Figure 
2, which is typical of the reactions of nonthermalized 
metal ions with laser-desorbed peptide molecules. The 
base peak of the mass spectrum corresponds to the 
protonated molecule of the peptide. Unreacted Fe+ 
also appears in the mass spectrum. Some of the mass 
spectra obtained with these experimental conditions 
also exhibited a peak at m/z 72, corresponding to the 
immonium ion of valme. The formation of a proto- 
nated ion can be postulated to occur by a mechanism 
in which the metal ion undergoes charge exchange 
with the peptide (reaction l), followed by hydrogen 
transfer between the odd-electron peptide molecular 
ion and a second peptide molecule (reaction 2): 
Peptide + Fe++ Peptide+ + Fe (1) 
Peptide+,+ Peptide + (Peptide + H)+ 
+ (Peptide - H) (2) 
The observation of the protonated ion rather than an 
odd-electron ion suggests that several collisions occur 
between a trapped ion and the desorbed peptide neu- 
tral molecule. A simple order-of-magnitude analysis of 
the desorption process suggests that an ion undergoes 
l-1000 collisions with laser-desorbed peptide neutral 
molecules. The laser desorbs 1000 monolayers of pep- 
tide per laser shot. For a laser spot size of 1 mm*, HI15 
molecules are desorbed per laser shot. The desorbed 
neutral molecules travel 2 cm before encountering the 
ions in the analyzer cell. The density of neutral 
molecules in the vicinity of the ions depends on their 
angular spread during desorption. Consider the limit- 
ing cases of 0” (forward directed) and 45” solid angle. If 
the neutral molecules leave the surface with a solid 
angle of 45”, after traveling 2 cm, they will be spread 
out over an area of approximately 1 cm’ and produce 
a flux of 1015 molecules/cm2. Assuming an ion- 
molecule reaction cross section of lo-l4 cm* (100 A’), 
ions will undergo 10 collisions (flux X cross section). If 
the desorbed neutral molecules do not spread out 
before reacting with the ions, they will pass through a 
Figure 2. Mavs spectrum of the products of the reaction of 
V&Ala with Fe+ formed by laser ablation and without colli- 
siorral thermalizati~n of the metal ion. 
l-mm2 area and have a flux of 1017 molecules/cm*. 
This will result in 1000 collisions of an ion with the 
neutral molecules. If the ion-molecule reaction cross 
section is a factor of 10 smaller, the number of colli- 
sions will be between 1 and 100. Considering the 
various uncertainties, l-1000 collisions seems to be a 
reasonable approximation and is consistent with the 
experimental results. In further support of the pre 
posed sequence of reactions, we fiid that charge- 
exchange ionization of peptides by rare gas ions often 
leads to the formation of a protonated molecule [18] 
and that an odd-electron molecular ion is observed if 
the flux of laser-desorbed neutral molecules is reduced 
by using substrate-assisted laser desorption [l]. We 
have not been able to apply the latter desorption 
method to Fe* chemical ionization studies, as 
discussed later. 
An analysis of the thermodynamics of charge trans- 
fer between metal ions and peptides suggests that 
excited-state species are involved. The enthalpy of 
reaction 1 is equal to the ionization energy of the 
peptide minus the recombination energy of the metal 
ion. The recombination energy of Fe’ in its ground 
state ?D, 4s3dh) is 7.8 eV [19]. The ionization energy 
of peptides can be estimated to be close to that of 
dimethyl formamide, (9.1 eV> or N-methylacetamide 
(8.9 eV) [20]. Reaction 1 is therefore endothermic for 
ground-state metal ions and ground-state peptide 
molecules. The observation of charge exchange 
between Fe+ and peptide molecules requires that the 
metal ion or the peptide, or both, are in an excited 
state, because endothermic ion-molecule reactions 
should occur too slowly to form an appreciable abun- 
dance of a product ion. It is not unreasonable to expect 
that high irradiance 193-nm laser ablation of the steel 
target should cause the formation of highly electroni- 
cally excited Fe+. There are several excited states of 
Fe+ that are expected to be long-lived and that occur 
up to 2 eV above the ground state of the ion c41’ is 
1.8 eV above the ground state; 4D, 1 eV; 4F, 0.3 eV) 
[21]. Additionally, the conditions used for laser de- 
sorption of peptide neutral molecules in this experi- 
ment (193-nm laser, thin peptide film on a thin metal 
film substrate) have been shown to cause the for- 
mation of gas-phase neutral molecules with 1 eV of 
internal energy [l], which would also cause the charge- 
exchange reaction with Fe+ to be exothermic. It is 
likely that a combination of these two factors lead to 
the predominance of charge-exchange ionization for 
the reaction of Fe+ with peptide molecules, as in 
Figure 2. 
Substantially different results were obtained when 
the Fe+ ions were allowed to undergo thermalizing 
collisions prior to their reaction with laser-desorbed 
peptides. Figure 3 shows the mass spectrum of the 
products of the reaction of Val-Pro-Leu with Fe+, which 
has first undergone collisions with xenon. Ions contain- 
ing iron are clearly evident in the mass spectrum. The 
adduct species [M + Fe]+ and fragments formed by 
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Figure 3. Mass spectrum of the products of the reaction of 
Val-Pro-Leu with Fe+ formed by laser ablation and with ther- 
malization of the metal ion with xenon collisions. The designa- 
tions a,,, b,, c,, and y. follow the Roepstorff convention. 
loss of small molecules from the iron adduct, [M + 
Fe - H,O] ‘, [M + Fe - CO]+, and [M + Fe - CO,]+, 
are the prominent high-mass ions. A peak 16 mu above 
[M + Fe]+ may possibly be [M + Fe + O]+, resulting 
from reaction of the metal-peptide adduct with addi- 
tional peptide neutral molecules; [M + Fe + X]’ 
species, where X = CO or CO,, have been observed in 
the Fe+ LD/CI mass spectra of this and other pep- 
tides. The intensities of the latter ions are irrepre 
ducible and are often negligible, as in the mass spectra 
reported here. The fragment ions [b2 + Fe]+, [y2 + 
Fe]‘,[c2 + Fe]‘, and[y, ~ CO,H + Fe]* arealsopres- 
ent in the mass spectrum. The metal-containing frag- 
ment ions result from cleavage of an amide bond (b, 
and y2) and a bond adjacent to an amide bond cc,). In 
addition, ions that contain no metal are also found in 
the mass spectrum, including the molecular ion, frag- 
ments resulting from the loss of water, CO, and CO,, 
as well as the ions al, bZ, cl, y2, and a1 (where a,, b,, 
c,, x,, and y,, are Roepstorff designations [22]). The 
ions that contain no metal apparently result from a 
charge-exchange reaction of Fe* with the peptide 
molecule and in fact are found in the LD/CI mass 
spectrum of this peptide, resulting from charge- 
exchange ionization with rare gas ions [18]. 
Figure 4 shows the mass spectrum of the products 
of the reaction of the dipeptide Val-Ala with Fe’ 
formed by dissociative charge-exchange ionization of 
ferrocene. The metal-containing ions include [M + 
Figure 4. Mass spectrum of the products of the reaction of 
V&Ala with Fe+ formed by dissociative charge-exchange ioniza- 
tion of ferrocene by neon ions. 
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Fe]*, [M + Fe + CO]+, [M + Fe - CO]+, and [M + 
Fe - COP]+. The dominant peak in the mass spectrum 
corresponds to [M + HI’, an ion that does not contain 
iron, presumably formed by the charge-exchange 
mechanism described previously. Another product that 
does not contain iron is the immonium ion of valine 
(a,), which has been observed in LD/CI mass spectra 
of this compound by using either proton-transfer or 
charge-exchange reagent ions. The low-abundance m/z 
186 ion is most likely ferrocenium, resulting from 
charge-exchange ionization of ferrocene by the iron 
cation. 
We have not been able to obtain mass spectra in 
which metal ion attachment occurs without also 
observing the competing process of charge exchange 
ionization, even with out best efforts to reduce the 
population of excited state Fe+ and peptide molecules. 
The Fe’ have been allowed to undergo thermalizing 
collisions with molecular gases such as methane prior 
to the reaction with laser-desorbed peptide neutral 
molecules and found to yield similar spectra to those 
reported here. We have tried to reduce the internal 
energy of the laser-desorbed peptides in an effort to 
reduce charge-exchange ionization of the peptides by 
the metal ions by using the recently reported method 
of substrate-assisted laser desorption of neutral pep- 
tides [l]. This technique has been shown to form gas- 
phase neutral molecules of Val-Pro-Leu that contain 1 
eV less energy than by the desorption method used in 
the experiments reported here. Using substrate-assisted 
laser desorption, neither cationization nor charge 
exchange was observed for peptides or amino acids 
with Fe* chemical ionization. One interpretation of 
these data is that the reaction of thermalized Fe+ with 
thermalized peptides, either to form an adduct or to 
undergo charge exchange, may be too slow to be 
observed by the LD/CI technique. This interpretation 
seems to run counter to the many observations of 
rapid reactions between metal ions and small, func- 
tionalized organic molecules [B&13]. Clearly, the 
dependence of the reaction rate on the internal energy 
of the reactants needs further study. For the conditions 
reported here, the rate of these reactions appears to be 
sufficiently rapid only when the peptide is vibra- 
tionally or electronically excited by a minimum of 1 
eV. On the other hand, when a large amount of excess 
internal energy is present in both the peptide and the 
metal ion, charge exchange is exothermic and rapid 
compared with metal attachment (as shown in Figure 
1) LD/CI of Val-Ala with Fe+ formed by laser abla- 
tion, with no thermalizing collisions of the metal ion. 
Although iron-cationized species are less abundant 
than the ions that do not contain iron in the mass 
spectra reported here, the relative ratio of the two 
types of ions (metal containing versus metal free) is 
variable. In some mass spectra that were recorded for 
this study, [M + Fe]’ gave rise to the base peak of the 
LD/CI mass spectrum, whereas in other mass spectra 
of the same compounds, charge-exchange products 
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were dominant. The variation in the type of products 
that are observed results from changes in the relative 
rate constants for cationization versus charge exchange. 
Such results highlight the difficulty in reproducibly 
desorblng peptide neutral molecules with a fixed 
amount of internal energy with the experimental con- 
ditions used here (193-m-n light; no organic substrate). 
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